ABSTRACT
THE STUDY OF THE MOTOR
CORTEX in behaving monkeys began more than 20 years ago with the pioneer work of Evarts. Although Evarts's initial studies dealt with the activity of motor cortical cells during sleep and wakefulness (1), they were soon focused on changes in the activity of motor cortical cells in relation to alternating movements at the wrist (2, 3) and on the magnitude of isometric force exerted by the animal (4). The results of those studies indicated that the changes in activity of pyramidal tract neurons in the hand area of the motor cortex usually precede the changes in electromyographic (EMG) activity of the muscles initiating the movement, and that the intensity of cell discharge seems to relate to the magnitude of the force exerted by the animal. These observations have been essentially confirmed, although with some qualifications, by several subsequent studies.
First, changes in motor cortical cell activity have been found to precede the onset of peripheral motor activity in various tasks (5-12); and second, the relation of the intensity of cell discharge to the magnitude of force seems to be observed most clearly in corticospinal neurons that probably make monosynaptic connections to At low frequencies (<0.6 Hz) the animals opposed the changing load by exerting appropriate, alternating flexion-extension forces at the wrist. However, at higher frequencies the animals adopted a strategy of cocontraction of flexor and extensor muscles of the hand; thus the mechanical stiffness at the wrist joint was increased and the handle was kept in a steady position. These behavioral events were reflected in the activity of cells recorded in the motor cortex. Thus, at frequencies of load modulation below 0.6 Hz, the cell activity in the wrist area varied with the direction of the load in a reciprocal fashion. Moreover, microstimulation applied in that region elicited distinct EMG activation of wrist flexor or extensor muscles. However, at in the latter case, the direction of the movement varied but its endpoint was the same. It was found that the cell activity was related to the direction and not to the endpoint of the movement, for it was present when movements started from various points on a circle but ended in the same point at the center of the circle (33). This is illustrated in Fig. 2 .8. The vector sum of these contributions is the outcome of the ensemble operation (the population vector) and was found to point in or near to the direction of movement for movements made in 2-or 3-dimensional space. Figure  3 illustrates the results obtained for movements in 2-dimensional space (Fig. 3A) . In Fig. 3B a family of movement trajectories from a well-trained animal is shown. The cell contributions are shown in Fig. 3C along with the population vector that points in the direction of the movement.
Finally, Fig. 3D shows the 95% confidence interval for the population vector; this interval is comparable to the directional spread of the movement trajectories illustrated in Fig. 3B . The results for all eight movements that were studied in 2-dimensional space are shown in Fig. 4 In summary, the vectorial analysis of the directional coding by motor cortical populations of the direction of movement in space seems to capture adequately the es- Before the target onset (T), the population vector is very short and its direction varies from moment to moment. Well before the onset of movement (M), it increases in length and its direction points to the direction of the upcoming movement. This finding suggests that even the earliest inputs to the motor cortex are relevant to the direction of the upcoming movement.
DIRECTION
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sence of the motor cortical operation with respect to the specification of the direction of reaching. The question then arises as to how this specification could be implemented; this problem is discussed in the next section.
Implementation of the motor cortical command for the direction of reaching
We propose the following principles in the translation of the motor cortical command for movement direction into levels of activation of limb muscles.
Motor cortical cells influence weighted combinations of muscles
An important assumption is that individual motor cortical cells influence groups of motoneuronal pools in a weighted fashion. This is illustrated in the schematic diagram of Fig. 6 , which depicts a set of motor cortical cells (C1, C2, C3) and a set of motoneuronal pools (M,, M2, M3, M4). Motor cortical cells could influence motoneuronal pools directly or indirectly (dashed line) through, for example, the propriospinal system. We assume that a motor cortical cell influences several pools in a weighted fashion, which is indicated by the thickness of the line. For example, cell C2 influences motoneuronal pools (M1, M2, M3), enclosed within the dotted lines in Fig. 6 . This idea is comparable to the muscle field, which originally referred to that group of muscles that exhibited postspike facilitation from a given motor cortical cell (40); that concept is extended here to include indirect cortical influences as well. 
